Introduction
Various applications of carbon nanotubes (CNTs) have been proposed since the discovery of the molecular structure of such nanotubes in 1991. 1) Thereafter, vertically aligned multiwalled carbon nanotubes (MWNTs) were synthesized on catalytic metals, such as iron, nickel, and cobalt as substrates by chemical vapor deposition (CVD). Vertically aligned MWNTs are expected to be applied in devices such as electron emitters of field emission displays, 2) targets for laser-produced plasma to generate pulsed X-ray, 3) and miniature aerials. 4) The control of the growth of vertically aligned CNTs is important in optimizing their structure for the applications. The aligned growth of carbon nanotubes is controlled particularly by plasma-enhanced CVD, 5) due to the formation of an electric filed in the sheath between a plasma and a substrate under optimized conditions. 6) It is believed that the tips of carbon nanotubes are pulled by an electric field during nanotube growth. 7) Therefore the highvoltage induction of negative bias on a substrate is required within the effect of ion bombardment so as not to damage growing MWNTs. Substrate temperature is another important factor for aligned nanotube growth. Also, the pretreatment of a substrate by heating or plasma irradiation is needed to form fine particles of a catalyst on a substrate. Since carbon nanotubes grow with catalyst nanoparticles on their tips, the analyses of the pretreatment and early stages of nanotube growth are important for better control of vertically aligned MWNT growth.
The mechanisms of the early stages of vertically aligned growth have not been analyzed well because of the difficulty in measurement during the growth. A few experimental analyses on such early stages have been carried out through surface observation by scanning electron microscopy (SEM). 8) In this research, we used SEM, X-ray photoelectron spectroscopy (XPS), and in situ ellipsometry to analyze the pretreatment and early stages of nanotube growth affecting the following MWNT growth.
Experimental
Vertically aligned MWNTs were synthesized by hotfilament-assisted DC plasma-enhanced CVD. Since the details of the method have already been already shown in ref. 7 , we describe it here briefly [see Fig. 1 ]. Three straight tungsten wires are stretched parallel to the substrate stage at a distance of 8 mm in a vacuum chamber. AC was induced in the filaments to heat them to more than 1800 C. Nickel and iron substrates were put on the stage, and temperature, which was measured on the upper side of the stage using a pyrometer, was increased mainly using hot filaments. A DC voltage of À350 to À520 V was applied to the substrate stage with the filaments grounded. Hydrogen and methane gases were introduced into the vacuum chamber equipped with the filaments and the stage. After the substrates were heated to a certain temperature, pure hydrogen was filled during the pretreatment for 10 min, and methane was added to hydrogen in the ratio of 1 : 4 during the growth at a constant pressure of 2660 Pa (20 Torr). Since substrate temperature is increased by plasma irradiation, AC power induced in the filaments was controlled to a certain value so that growth temperature reaches a determined value, as shown in Fig. 2 . New Advances in Carbon Nanotube: From New Growth Processes to Nanodevices
An ellipsometer was attached to the two ports of the vacuum chamber. One part of the ellipsometer consisted of a light source, which was a diode laser of 690 nm in wavelength, and a polarizer, and the other part, a rotating analyzer and a photodetector.
9) The incidence angle was evaluated from the measurement of a bare silicon wafer to be 75.0 deg.
The surface of the specimens were evaluated by XPS, SEM, transmission electron microscopy (TEM), and Raman spectroscopy. Figure 3 shows SEM photographs of the CNTs grown on nickel foils at growth temperatures 550 to 650 C with the DC voltages of À350 V and À520 V during the pretreatment and growth, respectively. The structures of CNTs were confirmed by TEM to have hollows in the center along the axes and graphitic layers in the outer shells. It is clear that their alignments depend on growth temperature; the best alignment was obtained at 625 C. When the iron substrate was used, the optimized temperature for the aligned growth was 600 C. On both substrates, the densities of the grown CNTs were of the order of 10 9 cm À2 to 10 10 cm À2 , which corresponds to 10-30 nm for the mean distance between CNTs. The diameters of the CNTs were determined on the basis of the SEM photographs, and their distribution is indicated in Fig. 4 , which demonstrates the increase in diameter as well as the distribution with growth temperature. To compare the structure quantitatively, Raman spectroscopy was carried out for the specimens. The temperature dependence of the ratio of the intensity of the G peak (approximately 1580 cm À1 ) to that of the D peak (1350 cm À1 ) is shown in Fig. 5 . It is found that such a ratio has a tendency to increase with temperature up to 625 C and saturate at approximately 1.5 at higher temperatures.
Results and Discussion

Aligned growth depending on substrate temperature
From these results, it is speculated that the alignment of CNTs depends on the degree of graphitization and on the size of fine catalyst particles formed during the pretreatment or the early stage of growth. The latter speculation is based on the model of CNT growth from fine catalyst particles. To investigate the growth model in more detail, in situ ellipsometry along with XPS and SEM was carried out as shown in the next section.
Analyses of early stages of CNT growth
To determine the effect of pretreatment on the growth of CNTs, they were grown on 500-nm-thick iron films with and without pretreatment at the same growth temperature of 600 C. The SEM photographs of the two specimens are shown in Fig. 6 . A difference in the aligned growth between the two cases is clearly observed. The change in chemical state during the treatment was analyzed by XPS. Figure 7 shows the XPS spectra of Fe 2p 3=2 on the surface of the specimen as-deposited, before pretreatment, and after pretreatment, which corresponds to the stages O, A 1 , and A 2 in Fig. 2 , respectively. The change in chemical state is distinctively observed during heating in hydrogen, while no change is observed during the pretreatment. It is found by this result that the iron films were already reduced during the heating.
Next the change in surface morphology was analyzed by SEM and is shown in Fig. 8 , a SEM photograph of the surface of a specimen without the pretreatment is also shown. To clarify the effect of pretreatment, the specimen was heated to stage B, which is indicated in Fig. 8 , at the same temperature T 2 as the specimen pretreated to stage A 2 . It is seen that the iron film was transformed to fine particles of uniform diameter approximately 100 nm during heating by the comparison of the two photographs of stages O and A 1 , while the distinct change in size is not observed during the pretreatment from stage A 1 to stage A 2 . However, fine particles of larger sizes are seen at stage B than at stage A 2 . It is suggested by the result that the coalescence of fine particles occurred during heating from T 1 to T 2 in Fig. 8 , and that the growth of fine particles was prevented by the effect of ion bombardment. During the pretreatment, highspeed ions accelerated in the sheath electric field formed between a plasma and a substrate should sputter the iron atoms to prevent the growth of fine particles. In the pretreatment, the coalescence of fine iron particles by heating and the formation of finer particles by sputtering should occur competitively.
It is suggested that the difference between the growth of CNTs on substrates with and without the pretreatment is determined by the size of the fine particles of the catalytic metal. Larger particles of the catalytic metal should prevent the aligned growth of CNTs. Therefore the moderate control of substrate temperature and pretreatment in plasma are important for the control of aligned CNT growth.
The change in surface state was monitored by in situ ellipsometry during the pretreatment and early stages of CNT growth on an iron film of 500 nm in thickness at 600 C. The evolutions of ellipsometric parameters, É and Á, for every 5 s are shown in Fig. 9 . Because the diameter of fine SELECTED TOPICS in APPLIED PHYSICS I catalytic particles and the mean distance between CNTs were smaller than the wavelength of probe light of 690 nm, they were measured optically as films. To analyze the result, simulated calculation for the growth of films of different optical constants was performed: those for volume fractions of graphite of 0.075, 0.1, and 0.15. For example, rods of 100 nm diameter at a density of 10 9 cm À2 correspond to a film of 0.0785 volume fraction. The complex refractive indexes were calculated with the use of the complex refractive index of graphite of 2:96 À i1:81 10) and Bruggeman's effective medium approximation 11) to be 1:11 À i0:03, 1:15 À i0:05, and 1:24 À i0:09 for the fractions of 0.075, 0.1, and 0.15, respectively. The complex refractive index of a substrate was determined from the first values of ellipsometric parameters after pretreatment to be 1:3 À i0:7. Although the substrate after the pretreatment optically consisted of a thin film on a bulk, the qualitative evaluation of the changes can be carried out by the above calculation for the early stages of growth of CNTs. The calculated trajectories are indicated in Fig. 10 . By the comparison of the experimental trajectory with the calculated ones, it is found that the volume fraction decreased with the increase of thickness after the addition of methane.
For the detailed analysis of the result of in situ ellispometry, the surface of a specimen changing with time was observed by SEM. As are shown in Fig. 11 , fine catalyst particles seem to have been coalesced during the first 1 min. Then with the formation of finer particles, sproutlike structures of CNTs are observed at 2 min, and along with CNT-like structure fine particles are seen to become further finer at 3 min up to a size less than that at 0 min. It is speculated that fine iron particles were coalesced through melting by the inclusion of carbon into them after the addition of methane. At the same time, the suppression of the growth of fine particles should occur by ion sputtering, as described before. Therefore the first 1-2 min evolution of ellipsometric parameters should show the coalescence of fine iron particles and their carbonization, while the later evolution, the growth of CNTs. From the results shown above, the following model of CNT growth at the early stages can be constructed [see Fig. 12 ]. After the addition of methane, fine iron particles are coalesced perhaps by the increase in surface temperature and the decrease in melting temperature through the dissolution of carbon. The suppression of the growth of fine particles by sputtering and further dissolution of carbon into the fine particles should occur simultaneously. When the size of fine particles reduces to a certain value, CNTs of diameter slightly smaller than the particles start to grow by the extraction of carbon from supersaturated catalyst fine particles. However CNTs hardly grow from large catalyst particles. Even if they grow successfully, they are poorly aligned and have a wide distribution of diameter as shown in the SEM photograph of the non-pretreated specimen in Fig. 6 . It is confirmed that the growth of poorly aligned CNTs observed by higher temperature growth or without pretreatment originate from large catalyst particles. The reason poorly aligned CNTs grow from large catalyst particles is speculated to be due to the insufficient force for lifting up the catalyst particles against adhesion.
Conclusions
The pretreatment and early stages of aligned CNT growth in hot-filament-assisted plasmas-enhanced CVD were analyzed by SEM, XPS, and in situ ellipsometry. It was found that the effect of pretreatment on the aligned growth is not due to the chemical change of the surface but due to the formation of finer catalyst particles through sputtering by ions accelerated in a sheath electric field. The growth temperature affects the alignment of CNTs and has an optimum value. Although poorly aligned growth at lower temperatures is due to the degree of graphitization, that at higher temperatures is due to the insufficient formation of finer catalyst particles under the competition of coalescence. In order to align the growth of CNTs, fine catalyst particles smaller than a certain size are required. Poorly aligned CNTs hardly grow from large catalyst particles. Thus, the growth of poorly aligned CNTs observed at high temperatures or without pretreatment originate from the use of large catalyst particles.
